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USE OF FLUORESCEIN DYE FOR CHARACTERIZING WATER AND SOLUTE FLUX
ACROSS THE GROUNDWATER – SURFACE WATER INTERFACE
Ryan Nicholas Cascarano, M.S.
Western Michigan University, 2018
Quantifying groundwater discharge across the sediment—surface water interface
remains a challenge due to streambed heterogeneity and the integration of disparate
measurements over a continuum of spatial and temporal scales. In this study, mini-piezometers
are first used to identify areas of groundwater discharge in lakes and streams, and micro-pulses
of fluorescein dye are released at precisely known shallow depths as a conservative tracer. The
use of fluorescein dye allows for visual dye detection regardless of light conditions, and
measurements of dye concentrations over time using a fluorometer are used to generate high
resolution breakthrough curves. Accurate determination of groundwater velocity and
dispersivity are obtained by fitting dye breakthroughs to the classical advection-dispersion
equation. Study results indicate that time to visual breakthrough is highly non-linear with
depth. Consistent with the majority of solute transport studies, calculated dispersivities
increase with transport depth. Traditional measurements are used to compare tracer-obtained
velocities to Darcy-based velocities, with Darcy velocities underestimating velocity. These
results suggest that the proposed dye tracer method is advantageous over traditional Darcy
methods due to the high degree of heterogeneity associated with fluvial systems and
associated measurement error propagated through multiple parameters.
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CHAPTER I
INTRODUCTION
Proper understanding and characterization of the interaction between groundwater and
surface water is important for discerning many issues associated with water supply and quality.
Water movement across the land surface and land – atmospheric boundary layer is relatively
easy to observe, but subsurface flow and groundwater-surface water exchange are much more
difficult to visualize and quantify. Additionally, because groundwater and surface water interact
at various scales and fluctuate seasonally, this further complicates our ability to fully
characterize these interactions. From a purely hydrological perspective, quantifying these
interactions is vital for understanding the complexities of transient flow and storage dynamics
between and groundwater and surface water systems (Winter et al., 1998). Thorough
characterization of groundwater-surface water exchange is valuable in that it can lead to
realistic estimation of mass flux, velocity, and transport parameters. Due to the many physical
settings and spatiotemporal scales over which groundwater and surface water can interact,
there is a need for methods that can faithfully describe and quantify these interactions
(Rosenberry and LaBaugh, 2008). Many techniques are available, but methods should be
carefully chosen depending on the spatial and temporal scale of the study (Kalbus et al., 2006).
Moreover, the integration of measurements at various scales can be further complicated by
medium heterogeneity (Sophocleous, 2002).
In addition to studying the interaction between groundwater and surface water from
the hydrological perspective, it is essential to integrate research with other disciplines to
increase our understanding of this critical zone. From a broader perspective, the hydrologic
1

fluxes occurring across the interface govern the transport, storage, and cycling of many
dissolved solutes, including nutrients, various elements, and natural and anthropogenic
contaminants (Krause et al., 2010). Groundwater flux also promotes the introduction of these
dissolved constituents to microbial communities and help aid in establishing and maintaining
oxidative and reductive conditions (Finlay et al., 1997). Thus, it becomes clear that the interface
is not only of significance to the field of hydrogeology, but also to geochemistry, microbiology,
ecology, and more.

Quantifying Groundwater-Surface Water Interactions
Woessner (2000) states, “important work has begun to determine the magnitude,
location, and seasonal variability of [groundwater-surface water] interactions.” Some common
motivations for quantifying these groundwater-surface water interactions include: calculating
hydrological and chemical budgets of surface water bodies, collecting calibration data for
watershed and groundwater models, locating and constraining the extent of contamination,
locating areas of focused groundwater discharge to surface water (and vice-versa), improving
understanding of processes at the groundwater-surface water interface, and determining
relationships between groundwater-surface exchange as it relates to aquatic habitats
(Rosenberry and LaBaugh, 2008). Only over the last two decades has the groundwater-surface
water interface become a major research interest, which has motivated the development of
reliable characterization methods (Kalbus et al., 2006).
This surge of research interest has been overwhelmingly influenced by the need for a
more comprehensive interdisciplinary understanding of the interface between groundwater
2

and surface water, notably within the region we refer to as the hyporheic zone, which is the
direct interface between an aquifer and a river. More specifically, the hyporheic zone is a
spatiotemporally dynamic saturated transition zone between groundwater and surface water
which derives various physical and biogeochemical characteristics from the interaction between
the two systems to provide an aquatic habitat (Krause et al., 2010). Some of the work
presented throughout this study was done in lake environments, but the bulk of the work was
focused in stream environments where groundwater and surface water strongly interact, so it is
worth understanding the importance of improving our understanding of processes occurring in
these hyporheic environments and at this scale.
Scale is perhaps the most important aspect that controls experimental design of
characterization methods. Generally, most measurements are obtained within a short distance
of the shoreline of the surface water body, as this typically represents the area of highest
exchange between groundwater and surface water (Rosenberry and LaBaugh, 2008). Assuming
homogenous porous media and isotropic flow conditions adjacent to and underneath the
sediment-water interface, seepage has been shown to exponentially decrease with distance
from the shore (Pfankuch, 1975). Flow within this interface can also frequently change
direction, flux rate, and velocity both spatially and temporally. Contrary to the commonly used
homogeneous and isotropic assumption, most aquifers adjacent to and below surface water
bodies are rarely considered homogenous due to fluvial processes, edge effects, and biological
processes (Rosenberry and LaBaugh, 2008).
For small-scale studies, such as in a sub-reach of a stream where flow between
groundwater and surface water can be interpreted more easily, tools such as well networks,
3

seepage meters, and mini-piezometers or hydraulic potentiomonometers are most appropriate.
In larger-scale studies, such as in an entire stream system or lake, groundwater modeling, dye
and geochemical tracer tests, and flow-net analysis are often performed. These methods, and
others, allow for investigation into determining many facets and scales of groundwater-surface
water exchange. However, each of these methods is affected by scale, accuracy, and various
sources of error and each therefore has favorable and unfavorable conditions for use.
Well networks are often utilized to perform flow-net analysis, where measurements in
near-shore water-table wells are compared to water stage of surface water bodies to calculate
gradients. Hydraulic conductivity (K) is needed in addition to the gradient to quantify flow. Slug
tests are typically performed to obtain K, although in heterogeneous systems these estimates
may only be valid at a small scale as K may rapidly change along short distances. Thus, K is often
estimated from an unacceptably small number of slug tests (or constant head) tests in the
streambed sediments or literature values. Many other sources of error exist with flow-net
analysis, including: inadequate physical characterization and measurement error, improperly
maintained and/or poorly constructed wells, and violation of underlying assumptions
(Rosenberry and LaBaugh, 2008).
Hydraulic potentiomanometers are also used to provide comparisons between surfacewater stage and the hydraulic head beneath the surface water body (Winter et al., 1998).
Probes can be driven to various depths beneath the sediment-water interface and can provide
information related to variability in vertical hydraulic gradients with depth. Hydraulic
potentiomanometers also possess sources of error, including: measurement error, improper
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leveling of the device, unstable head, improper seal between device and sediments, and
bubbles and/or sediment entrained in tubing (Rosenberry and LaBaugh, 2008).
Conventional seepage meters consist of a bucket or drum connected to a piece of tubing
and a collection bag. This is pushed into the bed of a surface water body and a bag of known
weight (corresponding to water volume) is attached. After time has elapsed, the flux of water
into or out of the bed is easily calculated by determining change in weight of the bag, the
elapsed time, and the area of the bucket or drum (Lee, 1977). However, more so than other
methods, seepage meters are perhaps subject to more sources of error. Murdoch and Kelly
(2003) outline factors affecting the performance of these conventional seepage meters, most
notably: incomplete seals between meter and sediments, insufficient collection time before
measurement, improper bag attachment, leaks, accumulation of trapped gas, bag memory, and
flowing water (for example, currents causing bags to fold over and closing off the tubing). It is
important to minimize resistance in the seepage collection system and isolate it from surface
water flow effects to dependably determine flux, although these conditions are often
impossible to satisfy, especially in stream environments where water flow complicates seepage
meter usage.
Due to all the inherent sources of error and difficulty in utilizing many of these
traditional methods for characterizing interactions at the groundwater-surface water interface,
it becomes clear that there is still an overwhelming need for new methodologies that can
obtain parameters accurately under conditions where the traditional methods may fail.
Groundwater tracers, when used in combination with other methods, often help supply
information about the system being studied that these methods regularly fail to provide on
5

their own. The traditional methods outlined above may be used to compute fluid flux, but
velocity calculations require porosity, whereas dye tracer methods can provide integrated
estimates of fluid and solute flux and estimation of transport parameters.

The Use of Groundwater Tracers
Historically, dyes were first used in the tracing of karst waters. One of the very first
(non-dye) tracing experiments was carried out almost 2,000 years ago when Philip of
Trachonitis tossed chaff into a crater lake and alleged it had appeared down gradient in a spring
at the headwater of the Jordan River (Flury and Wai, 2003), although this underground
connection was later demonstrated to be unlikely (Davis et al., 1980). Nonetheless, in more
recent times, various dyes and salts have been used in Europe (notably Austria, Belgium,
France, Germany, Italy, and Switzerland), as early as 1869, to determine hydraulic connections
in karst areas (Davis et al., 1985). These early experiments were largely motivated by increasing
demand for clean drinking water, and the first applied studies were conducted to establish the
origin of typhoid fever containing waters in France in 1882 (des Carrières, 1883). Other similar
studies occurred in the years to follow, and ever since, dye tracers have been utilized to
investigate water pathways and flow rates within the vadose zone.
In 1901, the fluoroscope, a precursor to modern fluorometers, was invented in France
by Trillat and later perfected by Marboutin, which increased our ability to quantify information
from dye tracer tests (Dole, 1906). Of more relevance to this study, the first recorded use of dye
in field tracer tests was carried out by Slichter (1905), who determined time of travel and
direction of groundwater flow using drive-point wells. Many organic dyes have since been used
6

for groundwater and surface water tracing studies, although their widespread use did not begin
until the 1960s (Davis et al., 1980). Since then, dyes have become popular tools for investigating
flow and transport characteristics in all types of aquifers. This has motivated investigations on
tracer properties, notably fluorescent dyes, by seminal researchers such as Feuerstein and
Selleck (1963) and Smart and Laidlaw (1977).
Determining complex groundwater flow paths exhibited at the interface between
groundwater and surface water flow systems typically requires more data than simply
combining traditional, physically-based measurements with Darcy’s Law (Field et al., 1995).
Fluorescent dyes can be used to overcome many of these challenges by directly tracing
groundwater flow in both recharge and discharge zones. Fluorescent dyes fluoresce – adsorb
shorter wavelength light and emit longer wavelength light – when exposed to light, allowing
them to be detected at small concentrations visually, and even smaller concentrations with the
use of a fluorometer (Sabatini and Austin, 1991). There are many reasons for utilizing dye
tracers, including: determining flow paths and residence times, measuring aquifer properties
related to contaminant transport, and identifying areas of groundwater recharge and discharge
(Mull et al., 1988; Smart, 1985). Many other categories of groundwater tracers exist besides
dyes, including but not limited to: chemical compounds, temperature, isotopes, spores and
particles, and microorganisms (Flury and Wai, 2003).
Of most relevance to this study, fluorescent dyes can be regarded as proxies for nonsorbing, conservative contaminants and can provide information on the rate and direction of
water movement (Field et al., 1995). Many fluorescent dyes exist, but rhodamine WT and
fluorescein are typically the most common dyes used in groundwater tracing studies. Other
7

dyes occasionally utilized include pyranine, lissamine, photine CU, amino G acid, rhodamine B,
and sulpho rhodamine B (Smart and Laidlaw, 1977). Selection of a dye other than rhodamine
WT and fluorescein is typically motivated by unusual geochemical conditions that may
negatively influence the transport of the dye. For dyes to be useful groundwater tracing agents,
they should not: change hydraulic characteristics, cause contamination of water beyond
permissible standards, lead to toxic byproducts, or affect taste, odor, or color of water (Gaspar,
1987; Ford and Williams, 2013; Milanovic, 1981). In addition, certain properties should be
present for a fluorescent dye to make a good water tracer. An ideal tracer should be: water
soluble; conservative; stable with time and should not deteriorate when in contact with the
water, air, and aquifer material; easily and inexpensively measurable at low concentrations;
simple and easy to detect; low in toxicity; and readily available and inexpensive (Milanovic,
1981).
Fluorescein is a commonly used dye that meets the criteria described above to be
considered an effective groundwater tracer. It was discovered by the German chemist Adolf
von Baeyer in 1871 and has been commonly used since then as a groundwater tracer due to its
strong fluorescence and relatively conservative nature (Knop, 1878). Fluorescein is also
commercially known as uranine, sodium fluorescein, phthalein, D&C Yellow 7, and more, but
will be referred to as fluorescein within the context of this study. Fluorescein has a bright
yellow hue and is classified in the xanthene dye class. It is highly water soluble, with a
maximum excitation of 491 nm and maximum emission of 513 nm (Gaspar, 1987). Fluorescein
(and other green dyes) can be visually detected at low concentrations, as low as about 40 ppm
(Davis et al., 1985). If a fluorometer is utilized, detectability outside of the visual spectrum is
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possible (Sabantini and Austin, 1991). Laboratory and field tests have shown that fluorescein
has a lesser tendency than other organic dyes to sorb to soils (Sabantini and Austin, 1991).
Several factors can affect the recovery of dye in tracer tests, including: temperature, salinity,
pH, background fluorescence, and suspended solids (Feuerstein and Selleck, 1963). Increasing
salinity, acidic conditions, oxidizing agents, and suspended solids all can cause an appreciable
decrease in the fluorescence of fluorescein (Reznek et al., 1979). Fluorescein also exhibits high
photochemical decay and degrades rapidly when exposed to sunlight, which can be
advantageous in areas where groundwater discharges into surface water as discretion is often
important.
As stated by Davis et al. (1985), “an ideal tracer does not exist because of the
complexities of the natural systems which are studied, together with the large number of
requirements for the tracers themselves, the selection and use of tracers is almost as much of
an art as it is a science.” This argument has previously been concluded by others, such as
Kaufman and Orlob (1956) and Church (1974), who state that the tracer closest to ideal would
be the water molecule itself, containing the stable isotopes of 2H or 18O. These inherent
complexities aside, fluorescein has been determined to be an ideal dye for use in this work.
Fluorescein dye in groundwater flow systems is transported by the processes of advection,
dispersion, and diffusion, and provides information on direction and velocity of groundwater.
Dye tracer breakthroughs can be used to determine groundwater velocity, transport
parameters such as dispersivity, and mobile-immobile zone partition coefficients (Davis et al.,
1985).

9

According to Winter et al. (1998) and Rosenberry and LaBaugh (2008), there is relatively
little information published on detailed usage of many instruments used to quantify these
parameters in areas where groundwater and surface water interact. Thus, this study seeks to
characterize velocities and solute transport parameters associated with groundwater discharge
into surface bodies by developing a new method utilizing mini-piezometers and preciselyinjected fluorescein dye tracers of low mass, specifically in streams where traditional methods
often inadequately characterize hydrogeologic parameters. The development of a dye tracer
method is advantageous over traditional, physically based measurements that utilize Darcy’s
Law to provide indirect estimates of velocity, which are subject to a high degree of parametric
uncertainty and subsequent error. Precise dye injections are more effective in investigating
small-scale variations in groundwater discharge and velocity due to small-scale sediment
heterogeneity and temporal variability.

Project Objectives
This study focuses on the development of a dye tracer method that more accurately
characterizes groundwater flux and solute transport parameters in upwelling areas than
traditional methods relying on Darcy’s Law. This project objective was addressed by the
following research questions which will be explored throughout the modified research
manuscript presented in Chapter II and the additional work presented in Chapter III:
1) Can a method utilizing dye tracers be developed to quantify groundwater discharge and
solute transport parameters into lakes and streams?
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2) What are the advantages of using dye tracers to characterize groundwater discharge
and solute transport parameters over traditional methods requiring physical
measurements and indirect estimation of velocity?
3) How does site variability affect groundwater-surface water flux measurements using the
proposed dye tracer method?

11

CHAPTER II
A DYE TRACER APPROACH FOR QUANTIFYING GROUNDWATER
DISCHARGE ACROSS THE GROUNDWATER – SURFACE WATER INTERFACE
The principal results of this research are presented as follows in the form of a research
manuscript which will be submitted for publication to Environmental Science & Technology
(ES&T). ES&T is a biweekly peer-reviewed scientific journal published by the American Chemical
Society (ACS) focusing on significant and original research throughout a wide-range of
environmental disciplines. The manuscript is slightly modified in this document to provide
reference to additional information (photographs, figures, and data) that were not included in
the manuscript, which are included in Chapter 3 and the Appendices.
The research manuscript is appropriately titled: A Dye Tracer Approach for Quantifying
Fluid and Solute Flux Across the Groundwater —Surface Water Interface. The work utilizes
fluorescein dye tracers to characterize fluid fluxes and solute transport parameters across the
groundwater-surface water interface. The use of fluorescein dye allows for visual dye detection
regardless of light conditions and the additional use of a fluorometer allows for accurate
determination of groundwater velocity and transport parameters through the analysis of
breakthrough curves. This methodology will be thoroughly covered within this manuscript
followed by results supporting its validity and discussion on its relevance.

Abstract
We propose a dye tracer method to characterize fluid and solute fluxes across the sedimentsurface water interface. Zones of groundwater discharge within the streambed are first
identified, and micro-slugs of fluorescein dye are released at precisely known subsurface
12

depths. Fluorescein dye allows for visual identification of breakthrough locations and times, and
dye concentrations are recorded by a fluorometer to generate high resolution breakthrough
curves. Accurate determination of groundwater velocity and dispersivity are obtained by
numerically fitting dye breakthroughs to the classical advection-dispersion equation, although
the methodology is not limited to a specific transport model. Breakthroughs across the streamsediment interface at the study site are highly non-linear with tracer release depth, and velocity
estimates from breakthrough analysis are significantly more reliable than visual dye and Darcy
methods which tended to overestimate and underestimate ground water velocity, respectively.
The use of permanent injection points within the streambed and demonstrated reproducibility
of breakthroughs allows for study of fluid and solute fluxes under varying hydrologic conditions.
The proposed approach also provides a quantitative framework for implementation of nonconservative, reactive solutes and allows for the determination of characteristic residence
times at various depths to better understand chemical and nutrient transformations within the
hyporheic zone.

Introduction
Groundwater and surface water are intrinsically linked across multiple spatial and
temporal scales within the physical landscape. The interface between these two systems
represents a critical zone, commonly referred to as the hyporheic zone, where groundwater
and surface water mix (Buss et al., 2009). From a purely hydrological perspective, characterizing
fluid fluxes across the hyporheic zone is important for understanding the complexities of
transient flow and storage dynamics between surface water and groundwater systems (Alley et
13

al., 2002; Winter et al., 1998). A common example of this is the role of shallow alluvial aquifers
in sustaining baseflow conditions in streams (Miller et al., 2016; Niazi et al., 2017; Zomlot et al.,
2015). From a broader perspective, hydrologic fluxes occurring across the groundwater –
surface water interface govern the transport, storage, and cycling of dissolved solutes such as
carbon, nutrients, trace elements, and natural and anthropogenic contaminants that influence
stream ecosystem function (Binley et al., 2013; Buss et al., 2009; Fisher et al., 1998; Fuller and
Harvey, 2000; Krause et al., 2010; Smith, 2005). Infiltration and exfiltration of surface water into
and out of the streambed and streambanks promotes the introduction of dissolved constituents
to microbial communities and plays a critical role in establishing and maintaining oxidative and
reductive biogeochemical conditions (Finlay et al., 1997; Haggerty et al., 2009; Hester and
Gooseff, 2010; Lautz and Fanelli, 2008; Storey et al., 1999). Through these processes, the
hyporheic zone provides a discrete ecotone for communities of hyporheic invertebrates where
the governing hydrological conditions are intermediary between surface water and
groundwater (Boulton, 2007; Boulton and Hancock, 2006; Brunke and Gonser, 1997; Gibert et
al., 1994).
There is much to be gained by integrating hydrological measurements within fluvial
systems with other disciplines, especially through improved quantification of hydrologic and
solute fluxes and their spatiotemporal variability (Bencala, 2000; Binley et al., 2013; Cardenas,
2009; Hayashi and Rosenberry, 2002; Leray et al., 2016). Traditional Darcy methods only
provide indirect estimates that are limited to discrete point measurements and contain
irreducible parametric uncertainty due to natural heterogeneity (Kalbus et al., 2006;
Rosenberry and LaBaugh, 2008; Sophocleous, 2002; Woessner, 2000). This motivates us to
14

develop new methods for fine-scale quantification of fluid and solute fluxes within the
hyporheic zone and across the sediment–surface water interface. In this article, we propose a
tracer-based approach using fluorescein dye to quantify hydrologic flux and solute transport
properties, including residence time distributions, in regions where groundwater discharges
across the sediment-surface water interface. The full methodology is detailed in the next
section, followed by study results which demonstrate the ability of the approach to precisely
determine fine-scale fluid and solute movement within the hyporheic zone. Limitations,
applications, and the interdisciplinary relevance of the approach are also presented.

Materials and Methods
The dye tracer characterization method is conducted in the shallow subsurface where
groundwater discharge conditions prevail, and requires two separate tracer tests: a scoping
level exercise used to identify time and location of dye breakthrough based on visual
observations, followed by a second injection and recording tracer breakthroughs using a
fluorometer placed over the spatial location of the dye breakthrough identified during the first
test. Groundwater discharge zones are identified prior to dye tracer injection. Details for each
of these steps are provided in this section.

Study Location
A 15-meter sub-reach near the headwaters of Buck Creek in the Huron National Forest
in Northeastern Michigan, USA is the field site used to demonstrate the proposed dye tracer
methodology. Buck Creek is a first-order stream originating from spring seepage. Groundwater
15

and surface water are strongly connected, with prevalent groundwater discharge conditions
occurring throughout the study sub-reach. A glacial outwash depositional system is responsible
for the near homogenous medium to fine sand streambed and subsurface sediment which
provides an ideal physical setting for hyporheic tracer studies.

Tracer Selection
A dye tracer is necessary to provide visual estimates of breakthrough time and location.
Of the numerous dye tracers available, fluorescein dye is utilized in this work for its
conservative nature, chemical stability, low sorptivity, and capability to be visualized at low
concentrations. Fluorescein degrades rapidly when exposed to sunlight (Feuerstein and Selleck,
1963) and the high rate of photodegradation enables discreet tracer tests where visual
expression of dye is lost approximately 3 meters downstream, as opposed to a more persistent
visual dye tracer like Rhodamine WT. Fluorescein remains a conservative and chemically stable
tracer provided that pH conditions remain above 5 and temperature ranges between 0°C to
65°C (Dunn and Vaupel, 1965; Smart and Laidlaw, 1977). Sorption of fluorescein to sediments
can occur at low pH or in very organic rich environments (Kasanavia et al., 1999; Sabatini and
Austin, 1991; Smart and Laidlaw, 1977), but none of these conditions apply to our field site.

Relevant water chemistry parameters obtained using a YSI Pro Plus Multi-Parameter Water
Quality Meter indicate that the water chemistry at Buck Creek is suitable for fluorescein dye
tracer studies (Table 1).
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Table 1. Buck Creek water chemistry parameters
Parameter
Water Temperature (°C)
DO (%)
pH
ORP (mV)
SAL (ppt)
TDS (mg/L)
SPC (-uS/cm)

Value
8.6
98
8.4
121
0.1
122
188

Point Measurement and Dye Tracer Injection
The first step requires identification and delineation of groundwater discharge zones for
dye tracer characterization. This is accomplished by differencing subsurface hydraulic head
measurements with stream stage. Hydraulic head describes the energy contained in a fluid per
unit weight (in units of length), and discharge zones are defined as regions where subsurface
head values are notably greater than stream stage. PushPoint piezometers manufactured by
MHE Products are used to accurately determine differentials in stream stage and subsurface
head while minimizing sediment disturbance (refer to Appendix A and B for photographs and
schematics of the equipment utilized and methodology explanations that follow). The
PushPoint piezometer is a simple, machined tool consisting of a stainless-steel tubular body of
0.63 cm (0.25 in.) diameter with a 5 cm (2 in.) screened zone at one end and a sampling port at
the other. A guard-rod provides support to the PushPoint during sediment insertion and
prevents plugging and deformation of the screen; the guard rod is then removed when the
desired depth is reached. Once inserted, hydraulic head measurements are obtained by pulling
water with a 50 mL syringe through tubing attached to the sampling port, detaching the syringe
once a sediment-free and air-free water column is achieved, and comparing the height of the
static water column in the tubing to surface water elevation. These head measurements allow
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for fine-scale delineation of hydraulic gradients within the studied sub-reach over sediment
depths ranging from 0.15 m to 1.2 m. By conducting a series of discrete point measurements
over a regularly-spaced grid, we accurately identified areas where groundwater was most
strongly discharging in the streambed based on a differential head criterion of 25 cm between
groundwater and stream stage.
SedPoints, which are based on the PushPoint concept but are constructed of 0.63 cm
polyethylene tubing (as an alternative to stainless steel) and fitted with a polypropylene screen
at the end, are then inserted to the desired depth using a stainless-steel guard rod into
groundwater discharge zones. The SedPoints function as a permanent injection site for the dye
tracer and can be discreetly left in the streambed for an indefinite length of time. This allows
for the assessment of reproducibility in tracer breakthrough under identical or near-identical
hydrological conditions, and for quantifying changes in groundwater discharge and solute
transport parameters during seasonal variations in hydrologic conditions. SedPoints are
inserted at approximately 30° angles (from vertical) to prevent dye from travelling vertically
upward along the SedPoint or any other preferential pathway that may have formed during
insertion. Depth to the screened zone is determined mathematically from the insertion angle
and SedPoint length. Five SedPoints were installed in a row at increasing depths of
approximately 0.3 m, 0.45 m, 0.6 m, 0.9 m, and 1.2 m. Approximately 1 m of distance is used to
separate the 0.3 m, 0.45 m 0.6 m, and 0.9 m SedPoints from one another; the 0.9 m and 1.2 m
SedPoints are separated by a distance of 1.5 m (Figure 1).
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Figure 1. Buck Creek study site with locations of installed SedPoints denoted by depth.
Collimator and fluorometer (lower right) are positioned to capture dye breakthrough from the
1.2 m SedPoint.

Near-instantaneous 0.5 or 1.0 mL slugs of 20,000 mg/L (total mass of 10 to 20 mg)
concentrated fluorescein dye solution are injected into each of the SedPoints, with the 0.5 mL
slug injection applied to the shallower depths of 0.3 m and 0.45 m, and the 1.0 mL slug injection
applied to the deeper depths. The injection procedure requires the use of a valve that
accommodates two different size syringes: 50 mL for pore water and 1.0 mL for dye tracer
(Figure 2a). The large syringe is first used to withdraw 50 mL of pore water from the system.
The valve is then adjusted for injection of concentrated dye solution into the SedPoint, and the
valve is adjusted once again to use the pore water in the large syringe to push the dye slug into
the subsurface. This procedure delivers a near-instantaneous, micro-slug of fluorescein dye at a
precise depth that is released over the 3.8 cm (1.5 in.) SedPoint screen.
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Figure 2. (a) Example of setup required for dye injection, (b) fluorescein dye expression at
sediment-water interface, and (c) longitudinal view of collimator and fluorometer.

Fluorometry and Breakthrough Curve Analysis
Two separate dye tracer tests using the injection procedure discussed above are
required. The first dye tracer test is a scoping level exercise used to characterize the time and
spatial location of dye breakthrough from visual observations (Figure 2b). This data is then used
to guide a second tracer test where a field fluorescein dye fluorometer manufactured by
SeaPoint Sensors, Inc. is placed slightly downstream of the dye breakthrough location to
capture dye breakthrough at the sediment-water interface. The SeaPoint Fluorescein
Fluorometer (SFF) is a high-performance, low-power instrument that detects fluorescein dye
breakthrough using modulated green LED lamps and a narrow-band excitation filter.
The SFF is connected to an Onset HOBO U12 data logger and custom built 9-volt power
supply that supports four gain levels. The data logger can be linked directly to a field laptop for
real-time data collection which is helpful for ensuring the first slug of fluorescein dye has
passed prior to the second injection of fluorescein dye, and verifying that breakthroughs are
being measured by the fluorometer when visual dye breakthrough is apparent. A 10-meter
Impulse AG-206 underwater cable connects the SFF to this configuration. A custom-built dye
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tracer “collimator” was fabricated from 28-gauge galvanized sheet metal to house the SFF in
the stream (Figure 2c). In physics and optics, collimators are utilized to narrow beams of
particles, waves, or light, and we refer to our apparatus as a collimator as it focuses the
fluorescein dye immediately after breakthrough at the sediment-water interface through the
aperture of the fluorometer. The fluorescent light emitted by the dye tracer passes through a
narrow band excitation filter in the fluorometer and is detected by a silicon photodiode and
processed using synchronous demodulation circuitry to generate an output voltage
proportional to fluorescein concentration.
Voltage to concentration conversion factors specific to each fluorometer gain level
were determined experimentally in the laboratory, although only the 1x setting (no gain) was
used for all dye tracer experiments. Once voltage is converted to concentration (g/L) using the
laboratory derived conversion factor of 4.4×10-3, breakthrough data can be analyzed for
determination of hydraulic and transport parameters. The near homogenous sandy sediment at
the demonstration site and short transport distances produced Gaussian dye breakthrough
curves that are well modeled by the classical advection-dispersion equation (ADE) solution for
an instantaneous slug injection (Bear, 1972; Crank, 1956):
𝐶(𝑥, 𝑡) =

𝛾
√4𝜋𝛼𝑉𝑡

𝑒𝑥𝑝 [−

(𝑥 − 𝑉𝑡)2
]
4𝛼𝑉𝑡

(1)

where C(x,t) is dye concentration [M/L3] at transport distance x [L] and time t [T], V [L/T] is
average groundwater velocity, α [L] is dispersivity, and  is a dimensionless scale factor related
to total tracer mass. The parameter estimation strategy involves manual estimation of average
groundwater velocity by first matching the time to the peak of the breakthrough data with the
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ADE solution, and then using a generalized reduced gradient nonlinear solver to obtain best-fit
estimates of α and  by minimizing the sum of squared errors between the data and ADE
solution.

Darcy Velocity
Traditional methods used to estimate groundwater velocity rely on point measurements
of vertical hydraulic gradient, hydraulic conductivity estimated from constant head, slug, or
permeameter tests or textural analysis, and porosity values obtained from sediment bulk
density, textural analysis, or literature values. Through estimation or measurement of these
parameters, velocity in the shallow subsurface can be indirectly estimated from Darcy’s Law
(Fetter, 2001):
𝑉=

𝐾 𝑑ℎ
𝑛𝑒 𝑑𝑧

(2)

where V [L/T] is average groundwater velocity, K [L/T] is hydraulic conductivity, dh/dz is vertical
hydraulic gradient, and ne is effective (tracer) porosity of the sediment. Vertical hydraulic
gradients in the shallow subsurface are computed from PushPoint piezometer measurements.
A series of falling-head slug tests, performed in a single 5 cm diameter wire wrapped sandpoint
with a 20 cm screened interval driven 0.6 m into the streambed sediment, are used to estimate
hydraulic conductivity. The sandpoint location is just slightly upstream from the tracer injection
locations, and stream water was utilized to generate an initial slug height of 0.9 m above the
static water level. The slug test data were analyzed in AQTESOLV using Bouwer-Rice and KGS
solutions to estimate hydraulic conductivity (Duffield, 2007). To obtain total porosity, as
opposed to effective porosity in Eq. (2) which can only be estimated from in-situ tracer
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experiments, sediment samples were collected at a depth of 15 cm in a container of known
volume from the area where tracer injection was performed. The sediment was dried in an
oven for 24 hours and porosity was determined by calculating the bulk density of the dried
sample. A standard sieve analysis was used to identify dominant particle sizes of the sediment.

Results and Discussion
Dye tracer tests were performed in the SedPoints between May 4-6, 2018. The 0.9 m
SedPoint was not subjected to dye tracer injections due to time constraints and higher
prioritization for recording dye breakthroughs from the deepest SedPoint installed at 1.2 m
below the streambed. Visual estimates of groundwater velocity are computed by normalizing
transport distance with time to first visual breakthrough recorded during the first tracer test
(Table 2). The fluorometer recorded dye breakthroughs at 1 second measurement intervals for
the 0.3 m, 0.45 m, and 0.6 m tests, while a 5 second interval was used for the 1.2 m test. Two
identical tracer tests were performed in the 0.3 m SedPoint to test reproducibility of tracer
breakthroughs and parameter estimates.
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Table 2. Summary of data obtained from fluorescein dye tracer tests
Depth

Hydraulic

Visual

Darcy

Tracer

Dispersivity

(m)

Gradient

Velocitya

Velocityb

Velocityc

(m)

(m/s)

(m/s)

(m/s)

Mass
Recoveryd

Characteristic
Residence Time
(hours)

0.3

0.31

2.5 × 10-4

1.4 × 10-5 – 2.8 × 10-5

1.1 × 10-4

4.2 × 10-3

27%

0.80

0.3

0.31

2.5 × 10-4

1.4 × 10-5 – 2.8 × 10-5

1.1 × 10-4

4.0 × 10-3

17%

0.80

0.45

0.53

9.9 × 10-5

2.4 × 10-5 – 4.8 × 10-5

6.3 × 10-5

4.1 × 10-3

18%

2.0

0.6

0.48

6.8 × 10-5

2.2 × 10-5 – 4.4 × 10-5

4.9 × 10-5

4.5 × 10-3

14%

3.5

1.2

0.26

2.4 × 10-5

1.2 × 10-5 – 2.4 × 10-5

2.1 × 10-5

2.3 × 10-3

36%

16.5

a

Based on time initially observed in field – actual time of visual breakthrough is likely faster, specifically for the 0.6 m and 1.2 m breakthroughs

bDetermined

c

using average K of 2.0 x 10-5 m/s from slug tests and n range of 0.22-0.44

Obtained from manual estimation of groundwater velocity from matching peak of breakthrough data with ADE solution

dFlux

corrected mass utilizing a measured streamflow velocity of 0.27 m/s

Breakthrough Analysis
Dye tracer breakthroughs from a total of five experiments are well-modeled by the ADE.
Estimated values of groundwater velocity, dispersivity, and mass recovery are presented in
Table 2. Breakthrough data for the 0.3 m, 0.45 m, 0.6 m and 1.2 m injections are averaged over
5, 5, 15, and 30 second increments, respectively, to smooth the curves and modulate temporal
variability of the high-resolution measurements. The shape of all breakthrough curves are
visually quite similar, with variations in peak concentration attributed to total tracer mass
captured by the fluorometer, source injection, transport distance and dispersion, and duration
of the breakthrough (Figure 3a-e). The two tracer experiments using the same 0.3 m SedPoint
(Figure 3a,b) yield similar parameters, with identical estimates of visual velocity, and tracer
velocity and dispersivity estimates varying only 1.8% and 4.6%, respectively (Table 2). This close
agreement in parametric values indicates that the SedPoint approach uniquely allows for
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reproducibility of tracer experiments over the same hydrologic conditions, and should be useful
for quantifying fluid and solute fluxes under varying hydrologic conditions.
Rescaling the breakthroughs by dimensionless time  and an identical mass recovery
allows for direct comparison of all five breakthroughs. The most notable feature is the
increased width of the breakthrough curves with transport distance which reflects the longer
breakthrough times since dispersivity exhibits minimal variability for the depths tested (Figure
3f, Table 2). The average dispersivity across all tests is only 1% of the transport distance and
Peclet numbers Pe, defined as 𝑃𝑒 =

𝑉𝐿
𝐷

, where V is groundwater velocity, L is transport distance

and D is hydrodynamic dispersion computed as the product of dispersivity and velocity, are 70
or greater for all depths tested. The low dispersivity values and high Peclet numbers indicate
that the dye travels through the hyporheic zone as a slightly-smeared slug under near-piston
flow conditions, which reflects the lack of heterogeneity in the near uniform sandy sediment of
the streambed as scale-dependent dispersion is not observed (Gelhar, 1992).
Tracer mass recovery ranges between 13 and 36% and is strongly influenced by the
collimator position within the stream and proximity of the fluorometer aperture to the
sediment-water interface (Table 2). The optimal placement of the fluorometer aperture for
mass recovery is at the sediment-surface water interface approximately 10 cm downstream of
the zone of visual dye breakthrough. The lower mass recovery rates can be explained by the
observation that roughly one-sixth of the water volume flowing within the collimator passes
through the fluorometer aperture. A collimator redesigned to maximize the channeling of dye
breakthrough across the fluorometer would enhance tracer mass recovery; however, the
narrow aperture of the fluorometer (2.1 cm width) relative to the width of the breakthrough
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zones (Figure 2b) and the non-laminar streamlines characteristic of open channel flow would
continue to contribute to the loss of tracer mass. Generating breakthroughs with full mass
recovery is not the goal of the proposed method. Rather, this method is intended to provide a
consistent and reliable framework to determine hydrologic and solute properties, and the welldefined breakthrough curves in Figure 3 demonstrate that ample resolution is achieved for
effective parameterization of the hyporheic zone.

Figure 3. (a-e) Observed breakthroughs (red points) of the five fluorescein dye tracer tests
performed in Buck Creek along with best-fit ADE solution (blue line) and (f) all breakthroughs
with rescaled mass and time.
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Figure 4. (a) Velocities and hydraulic gradients versus depth and (b) percent error between
visual and Darcy velocity and best-estimate velocity obtained from breakthrough analysis.

Velocity Comparisons
Average groundwater velocity is a critical parameter used to quantify fluid and solute
fluxes through the hyporheic zone. For some systems, velocity can also serve as a characteristic
time scale used to define residence time of a solute in the hyporheic zone (Leray et al., 2016;
Maloszewski and Zuber, 1982) which is a fundamental metric used to describe chemical
transformation (Gomez et al., 2012; Liu, et al., 2017, Zarnetske et al., 2011). The transport of a
dye tracer integrates hydraulic conductivity, porosity, and hydraulic gradient and their
continuous variability in the form of a single value of velocity representative over a continuous
flow path (or set of flow paths). Indirect methods are prone to error propagation through
multiple parameters estimated or measured along discrete intervals. Many traditional methods
of estimating velocity are also destructive, whereas the dye tracer method only minimally alters
the subsurface during insertion of the SedPoint and does not alter the flow path of the dye
tracer. Therefore, tracer velocity estimated from high resolution breakthrough curves are
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considered the best estimate and provide a basis for comparison against other velocity
estimates.
Darcy velocity computed from Eq. (2) requires parameterization of hydraulic
conductivity, vertical hydraulic gradient, and effective porosity (Figure 4, Table 2). The sieve
analysis indicates medium sand is the dominant particle size. Sample bulk density is used to
estimate total porosity at 0.44, and slug tests performed within the streambed yield an average
hydraulic conductivity of 2.0×10-5 m/s (Appendix C). Both of these values are consistent with
literature values for a medium sand with porosity ranging from 0.29 to 0.49 (Morris and
Johnson, 1967) and hydraulic conductivity ranging from 9×10-7 to 5×10-4 m/s (Domenico and
Schwartz, 1990). Effective or tracer porosity is almost always lower than porosity measured
using bulk density and soil-water characteristic curves (Stephens et al., 1997), although a
reliable relationship between total and effective porosity has yet to be established. To provide a
reasonable range, porosity values used in the computation of Darcy velocity are 0.22 and 0.44
which represent half of the total porosity and total porosity, respectively. Hydraulic gradients
range from 0.26 to 0.53 and exhibit a peak-like pattern where values increase from shallow
depths to a maximum at 0.45 m below the streambed and steadily decrease to a minimum at
1.2 m (Figure 4a).
Visual velocity methods tend to overestimate groundwater velocity with error ranging
from approximately 40 to 140% of tracer velocity (Figure 4b). An average error near 60%
indicates that velocity computed from dye breakthoughs are more than twice as fast as velocity
estimated from the breakthrough curves. Darcy methods tend to underestimate velocity with
average errors of 30% and 60% for the 0.22 and 0.44 porosity values. The visual dye and Darcy
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velocities (using porosity of 0.44 determined from sediment bulk density) have approximately
the same average error. Interestingly, the difference between all three velocities (tracer, visual,
Darcy) tended to decrease with depth, with the lowest difference at the 1.2 m depth (Figure
4b). This is likely a unique result of the near homogeneous and isotropic glacial outwash
sediment at the test location as shallow fluvial aquifers are typically anisotropic with vertical
hydraulic conductivity encompassing several orders of magnitude (Calver, 2001; Kelly and
Murdoch, 2002; Surridge et al., 2005).

Limitations, Applications, and Interdisciplinary Relevance
There are a few main limitations to the methodology we have presented. The dye tracer
approach focuses on fluid and solute fluxes in groundwater discharge zones. Extending this
methodology to study downward transport of fluid and solutes within surface water into the
hyporheic zone is not straightforward due to the insertion of any equipment into the
subsurface which will disturb the natural flow paths and visual reliance on dye breakthoughs.
Previous work at other locations has shown that the existence of shallow confining layers, such
as thin clay zones, impede hyporheic flow, evidenced by unnaturally high hydraulic gradients
and dissolved gasses, and prevent or retard the migration of the dye tracer. However, this is not
entirely problematic as methods involving sandpoints or larger boreholes in the streambed
bypass these natural confining conditions and can alter the flow system by piercing through
these units, and thus, produce data that is not reflective of natural flow directions. Additionally,
the use of fluorescein dye as a conservative tracer is not advised in organic rich systems due to
the tendency of fluorescein to sorb to organic surfaces.
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Locations and times of dye breakthrough are nearly impossible to know a priori in
natural systems and the proposed method requires an initial scoping-level injection. Dye
breakthroughs occurring over longer temporal scales can be characterized using time-lapse
photography, and the coupling of the camera with a flash or black light (to excite the
fluorescein dye) extends dye detectability during low visibility conditions or at night. The
flexibility of programming options for sampling times in data loggers and low power
requirements for the field fluorometer are readily amenable for capturing breakthroughs over
longer time periods. The dye tracer method is not limited to injections below the streambed
and can be used to characterize fluid and solute fluxes from the surrounding streambank, as
demonstrated by some reconnaissance level dye injections into the streambank and
subsequent breakthroughs at discrete locations in the streambed. Additionally, the proposed
methodology can be extended to other surface water features such as lakes and wetlands,
which would require the inclusion of a small pump to direct dye breakthroughs across the
fluorometer aperture.
Improved delineation of fluid and solute fluxes in the hyporheic zone and across the
sediment-water interface can be helpful across a broad range of disciplines by improving mass
flux estimates of contaminated groundwater into surface water systems, studying geochemical
and nutrient transformations in the hyporheic zone (often microbially mediated) by defining
characteristic residence times and/or residence time distributions, and providing a framework
through the use of SedPoints to study hyporheic zone responses to varying hydrologic
conditions. The method could be expanded to include the injection and sampling of other nonconservative, reactive solutes where the dye tracer is used for the initial set up to identify
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conservative velocities and breakthrough locations connected to a single SedPoint. These
experiments could also be supported by defining characteristic residence times and residence
time distributions from the dye breakthroughs. For example, dye breakthroughs at our study
site produced near-slug like transport conditions with high Peclet numbers and characteristic
residence times defined by L/V (Leray et al., 2016; Maloszewski and Zuber, 1982) which range
from 0.8 to 16.5 hours for the 0.3 and 1.2 m release depths, respectively (Table 2). Studies by
Valett et al. (1996) and Pinay et al. (2009) indicate a relationship between nitrogen fluxes and
hyporheic residence times, and more recent work by Zarnetske et al. (2011) suggest that
residence times less than 6.9 hours are associated with oxic conditions while residence times
beyond 6.9 hours are associated with hypoxic-anoxic conditions and anaerobic microbial
processes. Inclusion of a “smart tracer” such as resazurin, which is converted to resorufin by
microbial respiration (Haggerty et al., 2009), over precise injection depths would improve our
understanding of transient storage from a biogeochemical perspective in stream ecosystems.
The lack of heterogeneity in the study site produced dye breakthroughs that are wellmodeled by the ADE. Despite the use of the ADE for breakthrough analysis, the proposed tracer
method is independent of transport model. Breakthrough curves exhibiting non-Fickian
transport behavior, such as heavy early- or late-time tails and/or non-equilibrium mass transfer,
can be analyzed using more sophisticated models such as continuous time random walk,
fractional advection-dispersion equations, and single or multi-rate mobile-immobile model
(e.g., Dentz and Berkowitz, 2003; Haggerty and Gorelick, 1995; Neuman and Tartakovsky, 2009;
van Genuchten et al., 1976; Zhang et al., 2009). These models can also be used to define
residence time distributions of conservative solutes (Leray, 2016).
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There remains a need for reliable characterization methods for groundwater-surface
water interaction, specifically with regard to interdisciplinary study of the hyporheic zone. The
dye tracer method we have presented is valuable due to its ability to characterize the
movement of water and conservative solutes between the surface and subsurface
environments with accuracy and reproducibility. If our approach were to be utilized in
conjunction with additional transport models and other tracers, far more information will be
obtained than using fluorescein dye alone. Through future work and collaboration with other
disciplines, we believe that this method will prove to be a valuable tool for interdisciplinary
studies.
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CHAPTER III
ADDITIONAL WORK
Prior to completion of the work presented in the manuscript in Chapter 2, preliminary
work was conducted in and around Kalamazoo, Michigan to demonstrate proof of concept. An
ideal field location for development of this methodology was not found in the immediate
vicinity, resulting in the decision to complete the work at the Buck Creek location in
Northeastern Michigan. This decision was favorable, as Buck Creek proved to be the perfect
setting for testing and developing the dye tracer methodology.

Site Selection
Approximately 20 named locations were considered for study in and around Kalamazoo
County, and numerous unnamed surface water features were looked at as well (Table 3). Issues
affecting adequate use and development of the dye tracer methodology abounded at the
locations investigated, notably including: lack of groundwater discharge, micro-confining layers,
trapped gasses (because of confining conditions), excessive organics, fine sediments, and site
access.
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Table 3. Primary locations considered for study in and around Kalamazoo County
Site
Asylum Lake

Austin Lake
Axtell Creek
Bishop's Bog
Bow in the
Clouds Preserve
Comstock Creek
/ Campbell Lake
Davis Creek, near
old Lakeside
Refinery Site

Dustin Lake
Kleinstock
Preserve
North Lake
Portage Creek,
near Blanche Hull
Park
Spring Brook

Streams adjacent
to Kal Haven
Trail State Park
Wetland near old
Lakeside
Refinery Site
Wolf Lake
Wolf Lake State
Fish Hatchery
Woods Lake

Observations / Implications / Rationale For Not Using Site
Access was approved by the Asylum Lake Management Council. Lake was heavily
investigated on all sides, including Little Asylum Lake to the SW, and the stream to the west
of Drake Road. No appreciable groundwater discharge observed, sediments were very fine,
mucky, and full of organic matter and trapped gas, making it difficult to get accurate
hydraulic head measurements. Very small gradients were observed on north reach of lake,
but deemed unworthy of further investigation due to the difficulty it would impose on the
development of the methodology
Access limited due to substantial number of residences. Initial measurements yielded no
groundwater discharge.
High hydraulic gradients were observed, but these were likely due to micro-confining layers
and high concentrations of trapped gas in the sediments. Sediments were also fine and
mucky. Several tracer tests were attempted here with no results.
Access with Nature Conservancy potentially complicated. No groundwater discharge
observed in the wetland tested.
Very little surface water observed, likely ephemeral.
No groundwater discharge observed.
Access was approved by MDEQ and was initially considered as primary study location for
this work. Sediments in the river were very rocky and difficult to penetrate with PushPoint
equipment. When heterogeneities were found, and the equipment was able to penetrate
the sediments, no positive gradients were observed. Despite adjacent topography
suggesting groundwater discharge, it is likely that this site has been physical altered due to
the refinery that once existed here and subsequent remediation efforts.
Access limited due to substantial number of residences. Initial measurements yielded no
groundwater discharge.
Several site visits yielded no evidence of groundwater discharge. Sediments were fine and
mucky, and it made it difficult to get head measurements. When they were obtained, they
were not positive. The marsh is likely a perched water body.
Access limited due to substantial number of residences. Initial measurements yielded no
groundwater discharge.
Sediments here allowed the PushPoint equipment to work well, drawing water through
with little to no air and sediment. However, no positive gradients were observed along a
half mile reach of the creek that was tested.
Very large positive gradients were observed along portions of this stream, but they were
concentrated and overall the creek bottom is rocky and difficult to penetrate. In the areas
where positive gradients were observed, it was likely due to the existence of confining units
creating large pressure differentials, in which case tracer tests would not function reliably.
Approximately a half-mile reach was investigated.
Several streams accessible from the Kal-Haven Trail were tested, but sediments were fine
and mucky, and no groundwater discharge was observed.
Sediments were fine and mucky, and no groundwater discharge observed.
Very small gradients observed in a few places around the lake, but the lake is very deep and
drops off quickly posing difficulties for adequate site characterization.
Artificial and access is complicated.
Access is complicated. No noticeable hydraulic gradients observed.
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Site selection is an important aspect to this study, as it is important to determine how
different hydrogeologic settings and site variability affect the dye tracer method. The lack of
pronounced groundwater discharge and presence of shallow confining layers impeding
groundwater-surface water exchange made essentially every site investigated within or near
Kalamazoo, MI impractical for study. However, after extensive site exploration, zones of
groundwater discharge were identified in Spring Valley Park in Kalamazoo, MI, located
approximately at 2606 Mt. Olivet Rd. Spring Valley is a 185-acre park featuring both a lake and a
stream. Shallow heterogeneity is present at both locations, notably shallow confining layers
with thickness ranging approximately from 1 to 3 cm.

Spring Valley Lake and Stream Characterization and Dye Tracer Tests
Despite imperfect conditions, to establish proof of concept and develop the procedures
that were later utilized at Buck Creek, much of Summer 2017 was spent investigating both
Spring Valley Lake and Stream using the PushPoint equipment and fluorescein dye. Brief
experimentation with the Seapoint Fluorescein Fluorometer also took place. Hydraulic
gradients and initial estimates of groundwater discharge using the dye tracer method were
obtained in both the lake and the stream. However, due to the shallow heterogeneity in both
the lake and the stream, fluorescein dye injections at a depth greater than 0.15 meters proved
impractical and the fluorometer was unable to be utilized.
To test reproducibility, head measurements and dye injections at known depths at each
location allowed for reproducible calculations of hydraulic gradients and visual estimates of
discharge velocity. Head measurements taken at depth 0.3 m (1’) at 0.3 m x 0.3 m (1’ x 1’)
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intervals in a 0.9 m x 1.8 m (3’ x 6’) grid in Spring Valley Lake yielded head data used to create
hydraulic gradient maps in Surfer by Golden Software. Figure 5 and Figure 6 show consistent
trends in hydraulic gradients over a temporal period of one month, with extremely minor
decreases in overall hydraulic gradients due to seasonal fluctuation.

Figure 5. Hydraulic gradient measurements taken in Spring Valley Lake on 8/27/17 at 0.15 m
depth.
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Figure 6. Hydraulic gradient measurements taken in Spring Valley Lake on 9/27/17 at 0.15 m
depth.

Numerous tracer injections were performed in July, August, and September 2017. These
tracer tests were performed in three separate SedPoints, locations of which are displayed on
the hydraulic gradient maps in Figures 5 and 6. Results of these tests exhibited reproducibility
of visual dye breakthrough, as seen in Tables 4, 5, and 6.
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Table 4. Spring Valley Lake 0.15 m SedPoint tracer tests, SedPoint #1
Date

Location

Hydraulic Gradient

Breakthrough Time (mins)

Visual Velocity (m/s)

7/9/2017

SV Lake Sed #1

0.25

19

1.3 × 10-4

7/9/2017

SV Lake Sed #1

0.25

20

1.3 × 10-4

7/10/2017

SV Lake Sed #1

0.25

20

1.3 × 10-4

7/11/2017

SV Lake Sed #1

0.25

20

1.3 × 10-4

7/12/2017

SV Lake Sed #1

0.25

20

1.3 × 10-4

7/13/2017

SV Lake Sed #1

0.25

20

1.3 × 10-4

8/3/2017

SV Lake Sed #1

0.25

19

1.3 × 10-4

8/20/2017

SV Lake Sed #1

0.23

19

1.3 × 10-4

8/27/2017

SV Lake Sed #1

0.23

21

1.2 × 10-4

8/31/2017

SV Lake Sed #1

0.23

21

1.2 × 10-4

Table 5. Spring Valley Lake 0.15 m SedPoint tracer tests, SedPoint #2
Date

Location

7/10/2017
7/11/2017
7/12/2017
7/13/2017

SV Lake Sed #2
SV Lake Sed #2
SV Lake Sed #2
SV Lake Sed #2

Hydraulic Gradient

Breakthrough Time (mins)

0.33
0.33
0.33
0.33

10
11
11
10

Visual Velocity (m/s)
2.5 × 10-4
2.3 × 10-4
2.3 × 10-4
2.5 × 10-4

Table 6. Spring Valley Lake 0.15 m SedPoint tracer tests, SedPoint #3
Date

Location

Hydraulic Gradient

Breakthrough Time (mins)

Visual Velocity (m/s)

9/3/2017

SV Lake Sed #3

0.30

4

6.3 × 10-4

9/4/2017

SV Lake Sed #3

0.30

3

8.5 × 10-4

9/7/2017

SV Lake Sed #3

0.30

4

6.3 × 10-4

9/8/2017

SV Lake Sed #3

0.28

4

6.3 × 10-4

9/9/2017

SV Lake Sed #3

0.28

4

6.3 × 10-4

9/10/2017

SV Lake Sed #3

0.28

4

6.3 × 10-4

9/12/2017

SV Lake Sed #3

0.28

4

6.3 × 10-4

9/15/2017

SV Lake Sed #3

0.27

4

6.3 × 10-4

9/17/2017

SV Lake Sed #3

0.27

4

6.3 × 10-4

These near-surface tracer tests in Spring Valley Lake suggest that the dye tracer method
is a reproducible and accurate method for quantification of visual velocity. However, the
fluorometer was not utilized at this location, so full dye breakthrough curves were not
captured.
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Tracer tests were also performed in Spring Valley Stream, although too much subsurface
heterogeneity was present to adequately characterize the hydraulic gradients across a subreach of the stream. Table 7 shows tracer tests results obtained from three separate SedPoints
in September and October 2017.
Table 7. Spring Valley Stream 0.15 m SedPoint tracer tests
Date

Location

Hydraulic Gradient

Breakthrough Time (mins)

Visual Velocity (m/s)

9/20/2017

SV Stream Sed #1

0.25

5

5.1 × 10-4

9/21/2017

SV Stream Sed #1

0.25

5

5.1 × 10-4

9/23/2017

SV Stream Sed #1

0.25

5

5.1 × 10-4

9/24/2017

SV Stream Sed #1

0.25

5

5.1 × 10-4

9/27/2017

SV Stream Sed #1

0.25

5

5.1 × 10-4

9/30/2017

SV Stream Sed #1

0.25

5

5.1 × 10-4

9/20/2017

SV Stream Sed #2

0.23

5

5.1 × 10-4

9/21/2017

SV Stream Sed #2

0.23

5

5.1 × 10-4

9/23/2017

SV Stream Sed #2

0.23

5

5.1 × 10-4

9/24/2017

SV Stream Sed #2

0.23

5

5.1 × 10-4

10/8/2017

SV Stream Sed #3

0.22

6

4.2 × 10-4

10/8/2017

SV Stream Sed #3

0.22

6

4.2 × 10-4

Buck Creek Characterization and Dye Tracer Tests
The heterogeneity observed in Spring Valley Lake and Stream is ultimately what
encouraged the decision to perform work at Buck Creek, a site known to exhibit the conditions
required to dependably develop the dye tracer methodology. As described in the manuscript
presented in Chapter 2, Buck Creek is a stream located in the Huron National Forest in
Northeastern Michigan near Tawas City. Buck Creek is comprised of homogenous sandy
sediment, with groundwater discharge occurring throughout the streambed. These
characteristics facilitate functional analysis of the subsurface transport of the dye tracer. The
initial trip to Buck Creek was made in early October 2017 and similar procedures to those
performed in Spring Valley Lake and Stream were followed, with the addition of utilizing the
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Seapoint Fluorescein Fluorometer to capture full dye breakthrough curves and subsequently
analyzed to obtain transport parameters.
During the October 2017 site visit, characterization of the stream began by taking head
measurements at depth 0.3 m (1’) at 0.3 m x 0.3 m (1’ x 1’) intervals within a 0.9 m x 2.1 m (3’ x
7’) grid spanning the width of the stream (Figure 3-3).

Figure 7. Hydraulic gradient measurements taken in Buck Creek on 10/4/17 at 0.3 m depth.

This 0.9 m (length) by 2.1 m (width) section of the stream exhibits little meander, so the east
and west end of the gradient map can be considered land surface. Once head measurements
were obtained and the hydraulic gradients were calculated, SedPoints were installed at depths
of 0.15 m (6”), 0.3 m (12”), and 0.45 m (18”) in areas where the gradients remained relatively
constant, suggesting more homogenous sediment. Tracer tests were conducted in each
SedPoint, and the SFF and collimator setup was utilized for capturing the full dye breakthrough
of several 0.3 m injections. SedPoint, fluorometer, and collimator locations are also shown on
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Figure 7. The results of visual dye breakthrough at each depth were consistent between tests
with negligible variations in visual velocity (Table 8).
Table 8. Initial Buck Creek tracer test Results, October 2017
Date

Location / Depth

Hydraulic Gradient

Breakthrough Time (mins)

Visual Velocity (m/s)

10/3/2017

Buck Ck 0.15 m Sed #1

0.42

15

1.7 × 10-4

10/4/2017

Buck Ck 0.15 m Sed #1

0.42

14

1.8 × 10-4

10/5/2017

Buck Ck 0.15 m Sed #1

0.42

15

1.7 × 10-4

10/5/2017

Buck Ck 0.15 m Sed #1

0.42

15

1.7 × 10-4

10/5/2017

Buck Ck 0.15 m Sed #1

0.42

15

1.7 × 10-4

10/3/2017

Buck Ck 0.3 m Sed #1

0.42

30

1.7 × 10-4

10/4/2017

Buck Ck 0.3 m Sed #1

0.42

30

1.7 × 10-4

10/4/2017

Buck Ck 0.3 m Sed #1

0.42

30

1.7 × 10-4

10/4/2017

Buck Ck 0.3 m Sed #1

0.42

31

1.6 × 10-4

10/4/2017

Buck Ck 0.3 m Sed #1

0.42

31

1.6 × 10-4

10/5/2017

Buck Ck 0.3 m Sed #1

0.42

30

1.7 × 10-4

10/5/2017

Buck Ck 0.3 m Sed #1

0.42

30

1.7 × 10-4

10/4/2017

Buck Ck 0.45 m Sed #1

0.40

107

7.1 × 10-5

10/4/2017

Buck Ck 0.45 m Sed #1

0.39

106

7.2 × 10-5

10/5/2017

Buck Ck 0.45 m Sed #1

0.39

107

7.1 × 10-5

10/5/2017

Buck Ck 0.45 m Sed #1

0.39

106

7.2 × 10-5

10/5/2017

Buck Ck 0.45 m Sed #1

0.39

106

7.2 × 10-5

Complete dye breakthroughs were obtained using the SFF from three of the 0.3 m
injections (Figure 8, 9, 10). 0.3 mL of 20,000 mg/L (6 mg initial dye mass) fluorescein dye
solution was used for each tracer injection. These were the first dye tracer tests to utilize the
SFF in the field and the setup was slightly modified between tests. Between tests 1 and 2, the
collimator was repositioned to be more parallel to streamflow and embedded further into the
sediments to allow the base of the fluorometer to rest at the sediment interface to increase
capture. This yielded a more classic breakthrough curve for test 2 relative to test 1. The setup
was not adjusted at all between tests 2 and 3, and the curves exhibit remarkable similarity.
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Figure 8. 0.3 m (12”) fluorescein dye tracer test #1 performed at Buck Creek, October 2017.

Figure 9. 0.3 m (12”) fluorescein dye tracer test #2 performed at Buck Creek, October 2017.
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Figure 10. 0.3 m (12”) fluorescein dye tracer test #3 performed at Buck Creek, October 2017.

Unlike the dye tracer results presented in Chapter 2, Darcy calculations were not
performed during this visit for comparison. Nonetheless, tracer velocities, dispersivity, and
mass recovery were obtained through analysis of the breakthrough curves (Table 9).

Table 9. Summary of data obtained from ADE analysis of October 2017 tracer tests
Test #
1
2
3

Depth (m)
0.3
0.3
0.3

Tracer Velocity (m/s)
9.0 × 10-5
9.8 × 10-5
9.1 × 10-5

Dispersivity (m)
9.1 × 10-3
5.9 × 10-3
4.1 × 10-3

Mass Recovery
56%
46%
39%

At most, between tests 1 and 2, tracer velocity varied by 8.5%. Calculated dispersivities
were less consistent, but notably remained much lower than the traditional estimate of 10% of
the transport distance. However, mass recovery values are likely overestimated as streamflow
was not measured and an estimated streamflow of 20 cm/s was utilized for calculations.
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Voltage to Concentration
Breakthrough curves obtained from these tracer tests were later analyzed and fit to the
Advection-Dispersion Equation (as described in Chapter II). The Seapoint Fluorescein
Fluorometer measures voltage based on a dye concentration. The manufacturer provides a
correction factor that converts voltage to a concentration. However, very low mass recovery
estimates led to the belief that this factor was incorrect. To account for this, the fluorometer
was brought into the laboratory to compute a more accurate correlation between voltage and
concentration. To do this, using a high-precision scale, 0.01 g of dye was weighed and diluted
into a beaker containing 1 liter of filtered tap water, creating a 10 mg/L fluorescein dye
solution. A separate beaker was filled with an additional 1 liter of filtered tap water and the
fluorometer was placed in this beaker and set to 1x gain (no effective gain). Using a 1.0 mL
syringe, the 10 mg/L fluorescein solution was added to the beaker in 0.1 mL increments. This
was done 100 times, until an additional 10 mL of the dye solution was added to the beaker.
Voltage was recorded after each addition of dye – with voltage increasing on average 0.005 V
per 0.1 mL of dye solution added. The final calculated correction factor was determined by
averaging the voltage/concentration ratio from each of the 100 dye additions. This calculated
correction factor (0.0044) provided over an additional order of magnitude (153% difference)
relative to the value Seapoint provides (0.033), and when used to compute mass recovery,
more realistic recovery percentages were obtained.
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Grain-Size Analysis
Sediment samples were collected from Buck Creek in March, 2018 – adverse weather
conditions prevented additional work from being completed during this field visit. To assess
particle size distribution and determine porosity, the sediment was later weighed to be 400.1 g
and then dried in an oven at 93°C for 24 hours. A sieve analysis was performed using U.S.A.
Standard Testing Sieves from Fisher Scientific Company. The average particle size was
determined to be medium-grain sand (Table 10). Bulk density of the dried sample contained in
a 270 cm3 container was subsequently calculated and using a particle density of 2.65 g/cm3,
porosity of the sample was calculated to be 44%.

Table 10. Dry sieve analysis results
Sieve #

5
10
18
35
60
120
230
Pan

Total Sample Weight: 400.95 g
Weight (g)

Observations

0.26
0.52
1.94
26.79
238.00
126.21
6.45
0.26

pebble
granule
very coarse sand
coarse sand
medium sand
fine sand
very fine sand
silt/clay
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CHAPTER IV
GENERAL CONCLUSIONS AND FUTURE WORK
The objective of this work was to develop the dye tracer method as a technique for
quantifying discharge at the groundwater-surface water interface in addition to calculating
transport parameters, such as velocity and dispersivity. Streambed heterogeneity and
integrating measurements over a range of spatial and temporal scales often complicates
traditional methods, but under appropriate hydrogeologic conditions, the proposed dye tracer
method has proved to be a valuable characterization tool. The fluorescein dye utilized functions
well as a conservative tracer and provides satisfactory visual estimates of groundwater
discharge, but when fluorometry is utilized to generate high resolution breakthroughs curves,
the accuracy of this parameter increases. Results suggest that the method is advantageous over
traditional Darcy methods due to the high degree of heterogeneity associated with fluvial
systems and related measurement error propagated through various parameters. There are
few good methods that allow for accurate measurement of flux, but the proposed dye tracer
method fills this void by providing an accurate method for quantifications of flux which then
allows for determinations of how much mass is entering a system.
From the multitude of tracer tests performed at various study locations, the results
indicate reproducibility provided the system remains undisturbed. If SedPoints are left in place,
temporal trends can be sufficiently characterized over time. Future work could focus on longterm characterization of a site using the dye tracer method. Additionally, deeper tracer
injection depths could be explored, and the applicability of the method could also be expanded
to a variety of other surface water features or even to land surface and tracking how runoff
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may enter a system. Additional future applications may include the use of other tracers (both
conservative or non-conservative). Different concentrations of dye could be injected to see
whether or not parameters change. Further study could be explored regarding the relationship
between visual and tracer velocity to determine if more accurate estimates of flux could be
obtained without the use of fluorometry.
Despite an increasing interest in the study of groundwater-surface water interactions
and various surface-subsurface exchange processes, particularly with respect to physical and
biogeochemical processes, there remains a need for new, reliable characterization methods at
this interface. In the future, the dye tracer method proposed in this work could prove to be a
valuable tool for interdisciplinary work performed at the interface – however, this needs
further exploration.
The method could aid in quantifying temporal dynamics and chemical fluxes in these
systems that has valuable applications outside of the realm of hydrogeology. Due to the
complex nature of the hyporheic zone, it is necessary to understand the hydrologic interactions
occurring before a better understanding of the subsurface biogeochemical and ecological
processes can be gained, as hydrologic processes are the ultimate regulators of these
processes. As discussed by Jones and Holmes (1996), because water flows not only across
stream channels, but also through the sediment, surface and subsurface biogeochemical and
ecological processes are directly linked to the hydrology. The dye tracer method could prove
valuable as it allows for characterizing the exchange of water between the surface and
subsurface environments and determining water residence times in the sediments. These
parameters are both important controllers of subsurface biogeochemical transformations.
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Thus, integrating these fields of study in the future is a necessary step that must be taken to
broaden our perspective and advance our conceptual models of streams and other surface
water features.
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APPENDIX A
Field Photographs
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Appendix A
Due to inherent length restrictions in publishing the manuscript, the majority of the
photography taken in the field was unable to be included. The following images are therefore
included to provide a visual illustration of the equipment used and the methodology outlined in
this work. Descriptions of each photo are included below.
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Figure A-1 – Necessary equipment to gather hydraulic gradient data – ruler, PushPoint device,
syringe with tubing, ratcheting pinch clamp, and adaptor. Tape can be applied at measured
height on PushPoint to allow for quicker repetition of measurement depths
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Figure A-2 – Pulling water with a syringe through tubing attached to the sample port of the
PushPoint. The clamp and adaptor allow the syringe to be quickly detached and reattached to
the PushPoint if several pulls are necessary

Figure A-3 – Syringe and clamp removed from tubing, allowing the height of the static water
column to be compared to surface water elevation.
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Figure A-4 – (a) SedPoint being inserted through stainless-steel guard-rod, (b) carefully tucking
screen into guard-rod, (c) fully inserted into guard-rod.

Figure A-5 – SedPoint should be inserted at an angle to prevent dye from traveling directly up
the preferential pathway created during insertion
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Figure A-6 – Necessary equipment to conduct a dye tracer test – (left to right) SedPoint
insertion tool, SedPoint, 1 mL syringe for dye, 50 mL syringe for pore water, 2-way valve,
fluorescein dye, pinch clamp and Tygon tubing
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Figure A-7 – (a) Pull porewater from the system using a syringe, (b) change 4-way valve and
push fluorescein dye into sediments.
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Figure A-8 – (a) Change 4-way valve and push extracted porewater and dye back into
sediments, (b) clamp tubing immediately after injection to prevent dye from traveling back up
SedPoint
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Figure A-9 – Example of dye expression at sediment-water interface (a) in Spring Valley Lake, (b)
in Spring Valley Stream, (c) in Buck Creek
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Figure A-10 – SFF detecting fluorescein dye breakthrough using modulated green LED lamps
and a narrow-band excitation filter to excite the dye
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Figure A-11 – SFF connected to an Onset HOBO U21 data logger and custom-built power supply,
capable of supporting 4 sensitivities/ranges. Arrangement is linked directly to field laptop with
the SFF on the end of a 33-foot Impulse AG-206 underwater cable
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Figure A-12 – SFF fixed in a custom-built “collimator” which utilizes the surface water flow to
direct the dye as it breaks through the sediment-water interface and flows directly past the
sensor
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Figure A-13 – Cross-sectional view of SFF fixed in collimator
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Figure A-14 – Driving Bigfoot wire-wrapped sandpoint into sediment to be used for slug testing
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Figure A-15 – Preparing sandpoint for slug testing by purging sediment from screened zone
using peristaltic pump attached to stainless-steel siphoning tool
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Figure A-16 – Adding “slug” of water to sandpoint well
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Figure A-17 – Collecting and documenting sediment for lab analysis

65

Figure A-18 – Spring Valley Lake
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Figure A-19 – Spring Valley Stream
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Figure A-20 – Buck Creek in Fall

Figure A-21 – Buck Creek in Winter
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Figure A-22 – Buck Creek in Spring
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Figure A-23– Headwater at Buck Creek
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APPENDIX B
Schematics of Equipment Used
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Appendix B
The following figures are courtesy of Mark Henry of MHE Products and are used with
permission to provide additional representation of the equipment used within this work.

Figure B-1 – PushPoint sampler schematic
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Figure B-2 – PushPoint sampler schematic
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Figure B-3 – PushPoint sampler schematic (when installed in the field)
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Appendix C
Slug Test Results
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Appendix C
To obtain hydraulic conductivity values at the Buck Creek study location, five slug tests
were performed and analyzed in AQTESOLV using the Bouwer-Rice, Hvorslev, and KGS
methodologies. The following table summarizes the results from all tests. Final K values were
obtained from Bouwer-Rice and KGS solutions.

Analysis Technique
Slug Test #

Hvorslev a

Bouwer-Ricea

KGS Modela

1

2.6 × 10-5

1.9 × 10-5

1.6 × 10-5

2

2.7 × 10-5

1.8 × 10-5

1.5 × 10-5

3

2.8 × 10-5

2.1 × 10-5

1.7 × 10-5

4

3.0 × 10-5

2.6 × 10-5

2.0 × 10-5

5

3.1 × 10-5

2.0 × 10-5

1.8 × 10-5

a

Units are m/sec
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Slug 1 – Hvorslev
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Slug 1 – Bouwer-Rice

78

Slug 1 – KGS

79

Slug 2 – Hvorslev

80

Slug 2 – Bouwer-Rice

81

Slug 2 – KGS

82

Slug 3 – Hvorslev

83

Slug 3 – Bouwer-Rice
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Slug 3 – KGS

85

Slug 4 – Hvorslev
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Slug 4 – Bouwer-Rice

87

Slug 4 – KGS

88

Slug 5 – Hvorslev

89

Slug 5 – Bouwer-Rice

90

Slug 5 – KGS
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